We present a set of ground motion prediction equations (GMPEs) derived for the geometrical mean of the horizontal components and the vertical, considering the latest release of the strong motion database for Italy. The regressions are performed over the magnitude range 4 -6.9 and considering distances up to 200 km. The equations are derived for peak ground acceleration (PGA), peak ground velocity (PGV) and 5%-damped spectral acceleration at periods between 0.04 and 2 s. The total standard deviation (sigma) varies between 0.34 and 0.38 log 10 unit, confirming the large variability of ground shaking parameters when regional data sets containing small to moderate magnitude events (M < 6) are used. The between-stations variability provides the largest values for periods shorter than 0.2 s while, for longer periods, the between-events and between-stations distributions of error provide similar contribution to the total variability.
Introduction
This special issue of the Bulletin of Earthquake Engineering collects several studies carried out in the framework of the project "S4 -Italian strong motion database" (Pacor et al., 2011) , funded by the Italian Department of Civil Protection (DPC), in order to improve the quality of the Italian strong motion database ITACA (Luzi et al., 2008; Pacor et al.; 2011; http://itaca.mi.ingv.it) . In this paper, we exploit such improvements to update the ground motion prediction equation (GMPE) developed for Italy by Bindi et al (2010) , hereinafter referred to as ITA08. Several reasons motivated this update. Besides the enrichment of the database with the recordings relevant to the 2009 L'Aquila seismic sequence, whose mainshock (Mw = 6.3) provided data over a magnitude -distance range scarcely sampled in ITACA, a re-processing of the whole data set has performed within the project S4 (Paolucci et al., 2011) , in order to obtain compatible acceleration, velocity and displacement time series. Furthermore, in the framework of the same project, several field surveys were carried out to improve the geophysical characterization of the recording sites (Foti et al., 2011) , significantly increasing the number of measured shearwave profiles, used here to classify the sites accordingly to the Eurocode8 (CEN, 2003) .
Finally, to improve the usability of the model, the distance range is extended from 100 to 200 km and the style of faulting has been included among the explanatory variables.
This article is organized as follows. First, the data-set used to derive the new GMPEs is described and compared to data-set used to develop the ITA08 model. Then, the results of new regressions are presented both in terms of average models and associated variability.
Finally, the comparison with ITA08 is shown.
Data Set
From the whole ITACA database a first selection is performed by considering only magnitudes larger than 4, epicentral distances smaller than 200 km and hypocentral depths shallower than 35 km. By applying these criteria, 1213 recordings from 218 earthquakes and 353 stations are selected. The magnitude versus distance scatter plot is shown in Figure 1 . It is worth noting that the local magnitude (Ml, magenta symbols in Figure 1 ) is the only magnitude estimate available for most of the events with magnitude smaller than 4.5, as quantified by the histogram in the right panel. Moreover, a significant number of stations recorded only one earthquake. A further selection is performed by removing the earthquakes missing the estimate of the moment magnitude, those recorded by one station and the stations with one record only. Overall, 769 records relevant to 99 earthquakes and 150 stations are selected to update the GMPEs for Italy over the magnitude range 4.1≤Mw≤6.9. Hereinafter we refer to the updated model as ITA10.
The focal mechanisms of the events extracted from ITACA are categorized into four classes (Normal: 593 records; Reverse:87; Strike Slip:61; Unknown: 28), following the classification by Zoback (1992) , as described in Luzi et al. (2008) . The focal mechanism distribution of the dataset is shown in Figure 2 . The comparison between ITA08 and this study, in terms of magnitude distributions, is shown in Figure 3 (Left). The total number of records increases from 561 to 769. In particular, the records of the L'Aquila sequence increased the number of accelerograms for magnitudes between 4.5 and 6.
In Figure 3 (right), the magnitude versus distance distribution of the ITA10 and the ITA08 data sets is shown. Most of the records included in ITA08 and discarded in this study (green circles) are from small magnitude earthquakes or correspond to stations with one record.
Distances larger than 10km are well sampled over the entire magnitude range, while the records for distances shorter than 5 km are mainly from earthquakes with M ≤ 6. The number of near-fault recordings has been increased in ITA10 by adding 5 recordings with Joyner-Boore distance Rjb = 0 km from the M 6.3, L'Aquila earthquake, and 6 records from the 1976-77 Friuli seismic sequence recorded by the analog station installed at Gemona (GMN) and characterized by Rjb distances shorter than 6 km.
In ITA08 a simplified scheme was adopted to classify sites, based on Sabetta and Pugliese (1986) . Three classes were considered: "rock" (class 0, rock outcrops or deposits with thickness lower than 5m), "shallow alluvium" (class 1, deposits with thickness lower than or equal to 20m) and "deep alluvium" (class 2 deposits with thickness greater than 20m), where alluvium refers to deposits with shear wave velocity between 400 m/s and 800 m/s. The three classes are well sampled by the ITA08 dataset (Figure 4 , Left). The two data sets share 108 stations ( Figure 5 ). As expected, most rock sites (class 0) and deep alluvium (class 1) of ITA08 correspond to classes A and B-C of ITA10, respectively. Conversely, the shallow alluvium sites (class 1, ITA08) are re-distributed among all the EC8 classes except class D.
Finally, we recall that the following procedure has been applied to process the ITA10 data (Paolucci et al., 2011) : 1) baseline correction; 2) application of a cosine taper, based on the visual inspection of the record (typically between 2% and 5% of the total record length); records identified as late-triggered are not tapered; 3) visual inspection of the Fourier spectrum to select the band-pass frequency range; 4) application of a 2nd order acausal time-domain Butterworth filter to the acceleration time-series padded with zeros; 5) double-integration to obtain displacement time series; 6) linear de-trending of displacement and 7) double-differentiation to get the corrected acceleration. The applied procedure is similar to the one adopted to process the ITA08 data set, except for steps 5-7 which ensures the compatibility among acceleration, velocity and displacement time series and a particular attention was paid to the treatment of late triggered records (see Paolucci et al., 2011 for details) .
Functional form
The equation used for the regression is similar to the model adopted by Boore and Atkinson (2008) , although a different site classification is used and the non-linear site terms neglected. The functional form is the following:
( 1) where e 1 is the constant term, F D (R, M), F M (M), F s and F sof represent the distance function, the magnitude scaling, the site amplification and the style of faulting correction, respectively. M is the moment magnitude, R is the Joyner-Boore distance, or the epicentral distance (in km), when the fault geometry is unknown (generally when M < 5.5).
The strong motion parameters Y considered for the regressions are the peak ground acceleration (PGA, in cm/s 2 ) and velocity (PGV, cm/s) and the 5%-damped absolute acceleration response spectra (Sa, cm/s 2 ) in the period range 0.04 to 2s. The proposed equation for the distance function is:
while the magnitude function is:
where M The functional form F S in equation (1) represents the site amplification and it is given by F S = s j C j , for j=1,...5, where s j are the coefficients to be determined through the regression analysis, while C j are dummy variables used to denote the five different EC8 site classes (A EC8 through E EC8 ). The functional form F sof represents the style of faulting correction and it is given by F sof = f j E j , for j=1,...4, where f j are the coefficients to be determined during the analysis and E j are dummy variables used to denote the different fault classes.
We considered 4 types of style of faulting: normal (N), reverse (R), strike slip ( by applying a random effect approach (Abrahamson and Youngs, 1992) . In agreement with the GMPEs recently developed for Europe (Akkar and Bommer, 2010) and Turkey , the regressions are developed considering the geometrical mean of the as-recorded horizontal components (hereinafter GeoH), while ITA08 was derived considering the maximum between the horizontal components. Furthermore, the regressions for the vertical component (hereinafter Z) are performed as well. Each regression is performed twice: in the first one, the between-events and within-event components of variability are separated while in the second one the between-and withinstation components are determined (e.g., Bindi et al 2006; Bindi et al., 2009) . For the definition of the components of variability, see Al Atik et al. (2010) .
Determination of the coefficients
The regression coefficients and standard deviations obtained for GeoH and Z are shown in Tables from 1 to 6. For each period the standard deviation of the distribution of the coefficients is obtained through a bootstrap analysis (Efron and Tibshirani, 1994) considering 40 different bootstrap replications of the original data set. Each replication is randomly selected and composed by the same number of data as the original data set.
The existence of trade-offs among different parameters can be detected by analyzing the off-diagonal elements of the unit covariance matrix (Menke, 1989) , shown in Figure 6 , for Sa at 0.1 s (top) and 1s (bottom). The design matrix used to compute the covariance matrix is the Jacobian matrix derived from equation (1) class E are relevant to the co-located instruments (NCR, analog) and (NCR2, digital), installed at the Nocera Umbra (Central Italy) station. The site response of Nocera Umbra station has been deeply investigated by previous studies demonstrating that large amplifications occur around 6 Hz (e.g., Rovelli et al., 2002; Castro et al., 2004; Luzi et al, 2005) . For this reasons the amplitude of coefficient s 5 as a function of period, shown in In order to assess the effect of including classes D and E on the median model, the regression was also performed removing the records relative to these two classes. A difference smaller than 10% in the median predictions (here not shown) was observed at 1s at distances smaller than 10 km but, in general, we can conclude that the presence of data from classes D and E in the regression has a small effect in the bias of the median predictions for the other classes, as expected from the analysis of the covariance matrixes.
When the vertical component is considered, it can be observed that coefficients similar to the horizontal components are obtained for classes B and C (Figure 7 ). For class D and E, the site coefficients for the vertical components show amplifications over the long and short period range, respectively, but with smaller amplitude with respect to the horizontal component. Moreover, the peak observed for class D is shifted towards shorter periods (0.7 s) with respect to GeoH (1 s).
Figure 7 also shows the style of faulting coefficients obtained for GeoF and Z. We constrained to zero the style of faulting coefficient f 4 (the unknown class). The average of the style of faulting coefficients was also constrained to zero (f 1 + f 2 + f 3 =0), in order to include in the offset coefficient e 1 (equation 1) the average effect of the faulting mechanism. For short periods (T < 0.1s) and horizontal components, f 2 (reverse mechanism) is positive (about 0.08) while both f 1 (normal) and f 3 (strike slip) are negative (about -0.03). The coefficient f 3 tends to be slightly larger than f 2 in the period range 0.2 < T < 0.7s and the trend inverts f 3 for longer periods (T > 1s). These trends confirm that the main differences in the ground motion for different focal mechanisms are observable over the medium-to-short period range (T < 1s), where the predictions for reverse mechanism are visibly larger than those for the other styles of faulting. For the vertical components the differences between strike-slip and normal mechanisms are more evident than the horizontal component over the medium-to-short period range (T < 1s).
Several tests (not shown here) were performed assuming different constraints for the style of faulting coefficients. In particular, the following cases were considered: 1) coefficient of normal earthquakes constrained to zero; 2) coefficient of unknown focal mechanisms constrained to zero; 3) average of the four style of faulting coefficients constrained to zero. The results show that the constraints applied to the style of faulting coefficients does not affect the median predictions, but only the values of the coefficients themselves. 
Analysis of residuals
Figure 9 (left) shows the total standard deviation (σ tot ) as function of period, as well as the between-events and within-event components. The total standard deviation varies from 0.34 to 0.38 (in log 10 units) with the largest contribution coming from the withinevent variability. In particular, if the random effect model is applied to estimate the between-stations variability (right panel), we observe that, for periods shorter than about 0.2 s, the between-stations component is larger than the between-events one, while for periods longer than 0.4 sec, the two components of variability are similar. 
Comparison with ITA08
In Figure 11 the predictions for an earthquake with M w = 6.3 are compared to the strong motion data of the 2009 L'Aquila earthquake, considering PGA and the spectral acceleration at 1s and three soil classes (EC8 A through C, from top to bottom, respectively). The predictions from the GMPE developed in this study and from ITA08
are also compared. L'Aquila mainshock has been densely recorded by the national strong motion network (Ameri et al., 2009 ) and data from 49 stations in the distance range 0<=Rjb<=200 km are available in the ITACA database. In addition, down-hole, crosshole and SASW tests have been performed at the near source stations, in order to characterize the sites that constrain the attenuation at short distances. On average, the predictions match reasonably well the observations over the entire distance range, for both periods. In particular, a good agreement is observed between the predicted acceleration level at R JB = 0 and recorded data for class B EC8 . Since ITA08 was derived considering the maximum horizontal component at each period, we applied the correction coefficients proposed by Beyer and Bommer (2006) . Moreover, we used the site coefficients for classes 0, 1, and 2 to perform the comparison with classes A, B, and C of EC8, respectively. In general, the median predictions of ITA08 are lower than this study at distances smaller than 10 km for Sa at 1 s, and they show weaker attenuation with distance, especially for PGA. For lower magnitudes (i.e. 4.6, as shown in Figure 12 ) and short to intermediate periods (PGA and Sa at 1s) the median prediction and the error associated are similar, as the ITA08 and the ITA10 data sets do not differ substantially.
For the vertical component, the main differences for PGA are observed at short distances for class C, where the ground motion predicted by ITA10 is stronger than ITA08 ( Figure   13 , right panels). When compared to ITA08, the vertical PGA predicted by ITA10
attenuates faster with distance for all the considered soil classes. A better agreement between the ITA10 and ITA08 predictions is observed for spectral acceleration at 1 s (left panels), especially for classes A and C.
Conclusions
We developed a set of GMPEs for Italy using the recently compiled strong motion database (ITACA, http://itaca.mi.ingv.it). The regressions have been performed for PGA, PGV and spectral acceleration, considering the geometrical mean of the NS and EW components, and the vertical component, over the magnitude range 4 -6.9 and for distances up to 200 km. The model is well calibrated, matching the observation without any significant bias affecting the between-events or the within-event distribution of errors. The total standard deviation (σ tot ) varies between 0.34 and 0.38 log 10 unit, confirming the large variability of ground shaking parameters when regional data sets containing small to moderate magnitude events (M < 6) are explored (Douglas, 2007) , as also observed for the GMPE derived for Turkey (Akkar and Cagnan, 2011, their Figure   6 ).
The between-stations and the between-events contributions to the total variability appear to be the most important, with a dominance of the between-events sigma at periods longer than 0.3s and of the between-stations sigma over the short period range.
This set of new GMPEs improves the existing attenuation equation recently derived for
Italy (ITA08, Bindi et al., 2010) and it is recommended for many reasons:
1) the data set is enlarged and the magnitude distance sampling improved. In software (Wessel and Smith, 1991) . The excel table containing the coefficients is available on request to the corresponding author. Tables   Table 1. Regression coefficients (see equations from 1 to 3) obtained for the geometrical mean of the horizontal components (GeoH). The columns sA through sE show the site coefficients for the EC8 classes. The columns f1 through f4 show the style of faulting coefficients for normal (f1), reverse (f2), strike slip (f3) and unknown (f4) mechanisms. The total (σ), the between-event (σ B ) and within-event (σ W ) standard deviations are shown as well. Table 2 . Regression coefficients (see equations from 1 to 3) obtained for the vertical component (Z). The columns sA through sE show the site coefficients for the EC8 classes. The columns f1 through f4 show the style of faulting coefficients for normal (f1), reverse (f2), strike slip (f3) and unknown (f4) mechanisms. The total (σ), the betweenevent (σ B ) and within-event (σ W ) standard deviations are shown as well. Table 3 . Standard deviations of the regression coefficients obtained for the geometrical mean of the horizontal components (GeoH). Table 6 Standard deviation of the regression coefficients for peak ground acceleration (PGA) and velocity (PGV), considering the geometrical mean of the horizontal omponents (GeoH) and the vertical component (Z). c 
